Introduction {#s0005}
============

There are more cases of skin cancer in the United States population than all other cancers combined. These cancers are on the rise and represent a significant health and economic problem. Nonmelanoma skin cancer (NMSC) occurs in all races worldwide, and more than two million new cases are diagnosed annually in the USA alone. Extensive epidemiologic, clinical, and biological studies have proven that ultraviolet B (UVB) radiation is the major cause of NMSC [@bb0005], [@bb0010], [@bb0015], [@bb0020], [@bb0025]. Despite significant risk mitigation by the application of sunscreens, a substantial part of the population remains subjected to increasing UVB exposure due to occupational hazards, recreational activities, and climate changes, causing a continued rise in the NMSC incidence [@bb0030].

Skin is a critical barrier organ, which maintains organismal defenses against environmental insults. A proper inflammatory milieu in skin relies on reciprocal communications between the epidermal keratinocytes and other cell types [@bb0035], [@bb0040], [@bb0045]. Acute inflammation due to exposure to UVB radiation or xenobiotics involves massive production of cytokines and chemokines, often underpinned by cyclooxygenase (COX)-2 expression [@bb0050], [@bb0055], [@bb0060]. The resultant recruitment of neutrophils [@bb0065], monocytes, and macrophages [@bb0070] to the site of irradiation and further dynamic interactions between newly recruited inflammatory cells, which continuously produce inflammatory cytokines and matrix-degrading enzymes, further amplify the inflammatory responses, leading to acute responses, such as edema, or chronic changes including inflammation, fibrosis, and cancer [@bb0050], [@bb0055].

In addition, UVB irradiation can induce potent angiogenic response, vascular leakage, and edema caused by the elevated vascular endothelial growth factor (VEGF) secretion by epidermal keratinocytes and fibroblasts, and exacerbated by attenuated production of an angiogenesis inhibitor thrombospondin-1 (TSP1) [@bb0075], [@bb0080], [@bb0085]. TSP1, a 450-kDa trimeric matricellular protein and the first identified endogenous angiogenesis inhibitor [@bb0090], [@bb0095] is expressed at high levels in normal skin, especially in epidermal keratinocytes. On the cellular level, TSP1 blocks angiogenesis by causing endothelial cell apoptosis [@bb0100]. It impedes angiogenesis by blocking endothelial cell proliferation, chemotaxis [@bb0105], and through depletion of circulating endothelial cell progenitors, as was shown using TSP1 peptide mimetics [@bb0110]. TSP1 expression is severely downregulated in mouse and human epidermis following UVB irradiation and throughout progressive steps of skin carcinogenesis [@bb0075], [@bb0115], [@bb0120], [@bb0125], [@bb0130], [@bb0135]. In contrast, overexpression of TSP1 in murine epidermis curtails angiogenesis and reduces the incidence of squamous cell carcinoma in a two-stage chemical model of skin carcinogenesis [@bb0125].

The antiangiogenic properties of TSP1 are mediated *via* two cell surface receptors, CD36 and CD47 [@bb0140], whereby TSP1 binding to CD36 causes the induction of Fas-Fas ligand [@bb0100] or TRAIL--TRAIL-R dependent death [@bb0145] predominantly in the endothelial cells. CD47-dependent events entail suppression of endothelial nitric oxide synthase (NOS) activity and NO production [@bb0150], [@bb0155]. The decreased TSP1 levels have been linked to inflammation in the gut, whereby mice with whole body TSP1 knockout display aggravated symptoms of DSS-induced colitis, an experimental model of inflammatory bowel disease, and this condition can be ameliorated by administration of TSP1 peptide mimetic ABT-510 [@bb0160], [@bb0165], [@bb0170]. However, in patients with atopic dermatitis, circulating TSP1 levels show reverse trend (positive correlation with disease progression) [@bb0175], and the exact mechanisms by which TSP1 controls inflammatory responses are not clearly understood. In an earlier study [@bb0180], we have confirmed findings by others where UVB irradiation blocks TSP1 expression in skin keratinocytes *in vitro* and *in vivo*. Importantly, we demonstrated for the first time that normally high TSP1 expression in UVB-irradiated keratinocytes and skin can be restored by application of a natural bioflavonoid apigenin, which is known for its anti-inflammatory and antiangiogenic properties.

Apigenin (5,7,4′-trihydroxyflavone) is present in a wide variety of food sources including sweet pepper, parsley, thyme, celery, onions, and tea [@bb0185]. Topical application of apigenin reduces the incidence and the size of the tumors in both chemical and UVB-induced mouse models of skin carcinogenesis [@bb0190], [@bb0195]. Apigenin has multiple properties of a successful chemopreventive agent. It inhibits angiogenesis *via* multiple pathways, including suppression of proangiogenic transcription factor HIF-1α and downstream major angiogenic growth factor VEGF [@bb0200], [@bb0205], [@bb0210] as well as COX-2/prostaglandin E2 related pathways [@bb0180], [@bb0215], [@bb0220]. Several *in vitro* studies also indicate the inhibition of NOS and IL6/STAT pathways by apigenin [@bb0225], [@bb0230]. Apigenin also can stabilize and enhance the expression of tumor suppressive p53 [@bb0235], [@bb0240] and therefore cause cell cycle arrest [@bb0245], [@bb0250] and apoptosis [@bb0255], [@bb0260], [@bb0265], [@bb0270]. In addition, apigenin displays potent anti-inflammatory activity in skin and other tissues [@bb0275]. Notably, apigenin inhibits UVB-induced expression of proinflammatory COX-2 in skin through multiple mechanisms [@bb0280], [@bb0285]. Importantly, we have demonstrated that apigenin, *via* a mechanism driven by mRNA-binding protein HuR, restores the expression of antiangiogenic TSP1 and that proliferative effects of apigenin as well as its ability to block HIF-1α and COX-2 are, at least in part, mediated through TSP1. Here, we generated a novel mouse model with whole-body *THBS*-1 gene knockdown on SKH-1 genetic background, which allows studies of UVB-induced acute skin damage and carcinogenesis as well as therapeutic interventions, unhampered by pigmented skin and the coat of hair. Hairless mice with genetic ablation of TSP1 mounted an exacerbated cutaneous response to UVB, both in a short-term model and in a long-term (carcinogenesis) study. Topical application of chemopreventive agent apigenin significantly ameliorated UVB-induced carcinogenesis in the wild-type (WT) animals but not in TSP1 KO (TKO) mice, suggesting that TSP1 is a critical component of apigenin\'s anticancer and/or chemopreventive action. Importantly, TKO mice presented with the elevated cutaneous inflammation at baseline, which was manifested by increased inflammatory infiltrates (neutrophils and macrophages) and elevated levels of the two key inflammatory cytokines, IL-6 and IL-12. In addition, TKO mice showed a different population dynamics of the bone marrow (BM) myeloid progenitor cells (CD11b^+^), with dramatic expansion of the population of neutrophil progenitors (Ly6C^low^Ly6G^high^) compared to WT control. Our data suggest that, in skin, TSP1 is a critical molecule that suppresses cutaneous carcinogenesis through its antiangiogenic and especially anti-inflammatory action.

Materials and Methods {#s0010}
=====================

All chemicals were from Sigma-Aldrich (St Louis, MO) unless otherwise specified. Apigenin was prepared as 50 mM stock in DMSO and kept at −20°C in aliquots.

Generation of TSP1-Null Mice on SKH-1 Background {#s0015}
------------------------------------------------

All housing and experimental procedures were approved by the Animal Care and Use Committee at Northwestern University and performed in a strict adherence with guidelines provided by the National Institutes of Health. Homozygous *THBS1* −/− mice on C56BL/6 background (Jackson Labs, Bar Harbor, MN) were back-crossed onto hairless SKH-1 mice (Charles River, Houston, TX), and F5 hairless heterozygotes were selected and crossed onto each other to generate homozygous offspring, which was identified by genotyping (tail-snips). Tail DNA was prepared by proteinase K digestion at 55°C followed by isopropanol precipitation and used for PCR with reverse TSP1 primer (GAGTTTGCTTGTGGTGAACGCTCAG) and a forward TSP1 primer (AGGGCTATGTGGAATTAATATCGG). The expected size of PCR product is 700 bp for the wild type and 400 bp for the TSP null, respectively [@bb0290]. The pups homozygous for *THBS1* loss were subjected to further back-crossing (six generations) to ensure the gain of the new hairless trait together with the loss of *THBS1* expression. Genotyping was performed routinely to confirm knockout status (TransnetYX, Cordova, TN).

Treatment of Animals {#s0020}
--------------------

Adult (6-8 weeks old) wild-type (WT) and *THBS1−/−* (TSP1 KO, TKO) mice were switched to flavonoid-free AIN-93 M diet (Scientific Animal Feeds, Inc., Arlington Heights, IL) 1 week prior to UVB irradiation or apigenin treatment. WT and TKO mice were each assigned to one of three groups. Control (C) group was treated with 200 μl topical vehicle (1:9, v/v DMSO:acetone mix) 1 hour prior to sham radiation; the UVB radiation (R) group was similarly treated with vehicle 1 hour prior to UVB exposure; in the UVB plus Apigenin (AR) group, 5 μmol apigenin in 1:9 v/v DMSO:acetone was topically applied to the dorsal skins 1 hour prior to UVB exposure. To detect early morphologic changes before the appearance of any visible skin lesions after UVB irradiation, Berg et al. have established a robust model in SKH-1 hairless mice exposed to UVB radiation [@bb0295]. In short-term studies, we used the same dose of 1300 J/m^2^ of UVB to irradiate mice (*n*=5) daily for 5 days. In the long-term tumorigenesis study, mice (*n*=13 mice in each group except *n*=11 in WT and TKO C groups) were treated with to 2240 J/m^2^ of UVB (previously determined to be 1 minimal erythema dose [@bb0300]) three times per week for 22 weeks. Animals were sacrificed 24 hours after the final UVB irradiation; dorsal skins were excised, divided into three parts, and processed for various purposes as follows: (1) fixed in 10% neutral-buffered formalin for immunostaining, (2) cryopreserved in OCT compound for immunofluorescence, (3) flash-frozen to generate epidermal lysates for RNA and protein analyses (ELISA and/or Western blotting).

Analysis of Tumor Progression {#s0025}
-----------------------------

Tumor onset was monitored three times weekly by exterior examination. Mice were briefly sedated and larger tumors measured with a digital caliper. Dorsal skin areas were also photographed for permanent record. Tumor types at endpoint were identified by histological analyses of hematoxylin and eosin--stained skin sections.

Cell Culture {#s0030}
------------

Primary normal human epidermal keratinocytes (NHEKs) were derived from neonatal foreskin and isolated by Skin Disease Research Center (Northwestern University) as described previously [@bb0180]. NHEKs were maintained in M154CF keratinocyte medium supplemented with 10 μg/ml gentamicin and 0.25 μg/ml amphotericin B and human keratinocyte growth supplement (Invitrogen, Carlsbad, CA). The mouse 308 keratinocyte cell line was maintained in suspension in minimum essential media (United States Biological, Swampscott, MA) supplemented with 8% chelexed (Bio-Rad, Hercules, CA) fetal bovine serum, 0.02 mM Ca^2+^, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 100 U/ml penicillin, and 100 μg/ml streptomycin (Invitrogen). Cells were grown to 80%-90% confluence and pretreated with apigenin or vehicle control 1 hour prior to UVB irradiation. Apigenin stock solution (50 mM in DMSO) was kept at −20°C and diluted with cell culture medium to required concentration. For UVB exposure, the culture media were removed and saved, cells were rinsed with PBS and irradiated, and the media were replaced.

UVB Irradiation {#s0035}
---------------

UVB radiation was provided by FS40T12 lamps (National Biologicals, Twinsburg, OH) with peak emission at 313 nm. To eliminate UVC wavelengths (below 295 nm), Kodacel K6808 filter (Eastman Kodak, Rochester, NY) was used. Cultured cells were irradiated as previously described [@bb0285]. For irradiation of mice, same UV lamps and filter were used, and mice were irradiated in a cage, with the lid removed and placed in a chamber with UVB source located at the top of the chamber. The doses of UV irradiation and treatment frequency were described above in the "Treatment of Animals" section.

ELISA {#s0040}
-----

Blood samples were collected by intracardiac puncture in tubes containing 50 mM EDTA. The samples were kept on ice and centrifuged at 2000 rpm for 15 minutes (4°C) to separate cellular elements. Plasma samples were aliquoted and stored at −80°C. Plasma concentrations of IL-6, IL-12, PEDF-BB, and MPB-1 were determined in pooled samples using customized murine cytokine ELISA kit (Signosis, Santa Clara, CA) according to the manufacturer\'s instructions. Concentrations of VEGF in pooled plasma samples were determined using murine VEGF-specific ELISA kit (R&D Systems, Minneapolis, MN) following the manufacturer\'s instructions.

Measurement of Myeloperoxidase (MPO) Activity {#s0045}
---------------------------------------------

The UVB-induced neutrophil migration into the skin was evaluated by MPO activity determined by kinetic-colorimetric assay. MPO was extracted by suspending the material in 0.5% hexadecyltrimethylammonium bromide. Skin lysates were diluted 20-fold with 50 mM potassium phosphate buffer (pH 6.0) containing 0.167 mg/mL *o*-dianisidine dihydrochloride and 0.5% hexadecyltrimethylammonium bromide. The reaction was initiated by adding the substrate, 0.01% peroxide. The MPO activity was determined spectrophotometrically by monitoring the absorbance at 450 nm for a period of 5 minutes.

Immunohistochemistry {#s0050}
--------------------

Formalin-fixed dorsal skin samples were embedded lengthwise in paraffin and cut into 5-μm--thick sections. Cryopreserved samples were cut into 7-μm sections. Paraffin-embedded sections were used to stain for COX-2, TSP1, and F4/80 (macrophage marker). Staining for CD31 (vascular endothelial marker, PECAM-1) was performed on frozen sections. COX-2 immunostaining of interfollicular epidermal areas was scored by semiautomated analysis of images using HistoQuest 6.0 software (TissueGnostic, Tarzan, CA).

RNA Isolation and Quantitative RT-PCR (Q-PCR) Analysis {#s0055}
------------------------------------------------------

Total cellular RNA was isolated using Zymo RNA extraction kit (Genesee Scientific, San Diego, CA) following manufacturer\'s instructions. Reverse transcription of equal amounts of total RNA was performed using the Super Script III first-strand synthesis system with randomized hexamer primers (Invitrogen). Reverse transcription was first carried out to generate cDNA using total RNA with random oligo primers, dNTPs, and SuperScript III reverse transcriptase (Invitrogen). cDNA products were diluted to 2.5 ng/μl, and SYBR Green qPCR was carried out using the following cycling parameters: 95°C for 10 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. A final dissociation step was performed at 95°C to obtain melting curves of the final PCR products. The fluorescence threshold cycle value (*C*~t~) was obtained for each curve and normalized to that obtained for the GAPDH housekeeping gene in the same sample to normalize for discrepancies in sample loading. The differences in *C*~t~ values between treated and control samples were then computed and exponentially multiplied to the base of 2 to obtain relative differences in expression levels. All experiments were carried out in duplicates and independently performed at least three times.

Flow Cytometry of Bone Marrow Isolates {#s0060}
--------------------------------------

Mouse bone marrow (BM) cells were isolated from the tibia and femurs of the TKO and WT control mice bred on SKH-1 background. In brief, after UVB radiation and apigenin treatment, mice were sacrificed and the hind limbs were removed leaving the femur and tibia intact. Excess muscle and tissue were removed from the bones and the bones cut just below the joints. The BM was flushed with 500 μl of calcium- and magnesium-free DPBS using a 27-gauge needle. The BM was passed through a 70-μm cell strainer, centrifuged at 300×*g*, and resuspended in ACK lysis buffer (Roche) for 10 minutes at 4°C. Cells were washed in PBS and then resuspended in FACS buffer (BioLegend, San Diego, CA). Isolated BM was blocked with anti-CD16/CD32 FC block (BD Biosciences, San Jose, CA) for 20 minutes at room temperature and then stained in 100 μl of antibody mixture for 1 hour at room temperature. The antibodies used for analysis were anti-CD11b conjugated Alexa fluor 647, anti-Ly6C conjugated PE, and anti-Ly6G conjugated brilliant violet (BioLegend). Cells were then washed three times in FACS buffer. Samples were analyzed on Fortessa LSR II Flow Cytometer (BD Biosciences), and the results were read using FCS Express 6 software (DeNovo Software, Glendale, CA).

Statistical Analyses {#s0065}
--------------------

Statistical analyses of the data were performed in pairwise comparisons using two-sided Student\'s *t* test using Prism 6 software (GraphPad Software, Inc., San Diego, CA). The normality of the data was verified using Kolmogorov-Smirnoff test. For survival analysis (Kaplan-Meier curves), statistical significance was determined using log-rank sum test. Multiple group comparisons were evaluated for significance using two-way ANOVA. *P* values below .05 were considered statistically significant. All data were expressed as the mean ± standard error (SEM).

Results {#s0070}
=======

TSP1 Plays a Critical Role in Apigenin\'s Chemopreventive Function to Inhibit UVB-Induced Skin Carcinogenesis {#s0075}
-------------------------------------------------------------------------------------------------------------

Previous study has shown that topical application of apigenin to mouse skin reduces the number and size of NMSC tumors induced by UVB exposure [@bb0195]. More recently, we have demonstrated that the marked UVB-induced suppression of the major endogenous angiogenesis inhibitor TSP1 in the epidermis can be restored by apigenin [@bb0180]. To test whether TSP1 may contribute to the anticancer effects of apigenin, we generated a unique model where the hairless mice were bred on *THBS1* null genetic background. We then proceeded to assess whether *THBS1* knockout enables the UVB-induced carcinogenesis and whether it undermines the protective effects of apigenin in this model. Both WT and TKO mice were divided into three groups: Control (C, *n*=11); UVB-irradiated (R, *n*=13); and apigenin-treated, UVB-irradiated group (AR, *n*=13). The C group was sham-irradiated, while the UVB-irradiated groups were exposed to 2240 J/m^2^ UVB three times per week for 22 weeks. In the AR group, mice received topical applications of apigenin in DMSO/acetone vehicle (see Methods) 1 hour prior to UVB irradiation, while only vehicle was applied to the C and R groups of animals. Within the timeframe of experiment, none of the mice in the C group developed observable skin lesions regardless of TSP1 expression ([Figure 1](#f0005){ref-type="fig"}, *A* and *B*). In contrast, both WT and TKO mice developed skin lesions of varying sizes, and TKO mice showed increased susceptibility to the UVB-induced skin carcinogenesis, whereby TKO mice in R group developed first tumors 2 weeks earlier than their wild-type counterparts ([Figure 1](#f0005){ref-type="fig"}, *A* and *B*). The tumor-free survival was significantly different between WT and TKO groups (*P*≤.0005 as determined by log-rank test). Moreover, TKO mice presented with significantly more lesions per mouse ([Figure 1](#f0005){ref-type="fig"}, *A* and *C*). Similarly, the average tumor size in the TKO R group at the end point (22 weeks) was significantly larger than that in the WT R group ([Figure 1](#f0005){ref-type="fig"}*D*).Figure 1UVB-induced skin carcinogenesis and the chemoprevention by apigenin in wild-type (WT) and TSP1 knockout (TKO) SKH-1 hairless mice. Controls (C, *n*=11) were treated with sham irradiation and control vehicle (acetone:DMSO); R (*n*=13) were treated with UVB irradiation, 2240 J/m^2^ 3 times per week, 22 weeks; AR (*n*=13) were treated with 5 μmol of apigenin per mouse 1 hour prior to UVB irradiation. (A) Physical appearance of representative mice from experimental groups 22 weeks after treatment initiation. (B) Analysis of tumor-free survival (Kaplan-Meier curves). The statistical significance is determined by log rank test. (C) Tumor incidence expressed as average tumor number per animal in each group and statistical significance determined by two-way ANOVA. (D) Average tumor volume at 22 weeks after initiation of UVB irradiation. Tumor volume was calculated using the following formula: tumor volume = 4*π*/3 (*L*/2)×(*W*/2)×(*H*/2), where *L* is the length, *W* is the width, and *H* is the height. Statistical significance is determined by two-sided Student\'s test. (E) Histopathological analysis of skin cancers in WT and TKO mice after UVB and apigenin treatments. Representative skin sections stained with H&E are shown. White arrowheads point to the papillomas, with no breach in the epithelial basement membrane (inset) and high degree of keratinization. Black arrows point to the more invasive carcinoid tumors with a spindle component (inset). (F) The comparison of different tumor types observed in WT and TKO animals. Statistical significance was calculated by two-sided Student\'s *t* test in pairwise comparisons (\**P*≤.05; \*\*\**P*≤.001; \*\*\*\**P*≤.0001; n.s., not significant).Figure 1

Strikingly, the chemopreventive effect of apigenin against UVB-induced carcinogenesis was much weaker in TKO mice compared to their WT counterparts. At the end of the 22-week observation period, the number of tumors in the WT AR group was reduced by 55% compared to the WT R group, and this reduction was statistically significant, whereas tumor incidence was decreased by less than 18% between the TKO AR and TKO R groups, and this decrease did not reach statistical significance as was determined by two-way ANOVA ([Figure 1](#f0005){ref-type="fig"}, *A* and *C*). A subsequent histopathological examination of skin lesions confirmed the tumor-suppressive function of TSP1 in UVB-induced skin carcinogenesis. Histopathological evaluation of H&E skin sections ([Figure 1](#f0005){ref-type="fig"}*E*) showed increased incidence of carcinomas and papillomas in the TKO AR group compared to WT AR group ([Figure 1](#f0005){ref-type="fig"}*F*), suggesting diminished chemopreventive capacity of apigenin against UVB-induced carcinogenesis in the absence of TSP1.

Taken together, our results demonstrate that TSP1 is a critical tumor suppressive protein in the skin that opposes the development of the UVB-induced NMSC and an important constituent of the chemopreventive pathway downstream of apigenin.

Inhibition of UVB-Induced Cutaneous Angiogenesis by Apigenin Is Partially Independent of TSP1 {#s0080}
---------------------------------------------------------------------------------------------

TSP1 is a widely recognized angiogenesis inhibitor, and its loss is among the critical events that allow cancer progression in multiple cancer types including skin cancers. The antiangiogenic effects of apigenin have been reported previously in nonskin tissues. However, the apigenin\'s effect on cutaneous angiogenesis and the role of TSP1 expression remain elusive. In agreement with previous findings [@bb0180], UVB irradiation significantly increased microvascular density (MVD) in the dermis of WT mice, as was measured by IHC for the vascular endothelial marker CD31 (PECAM-1), and this response was severely exacerbated in the skins of TKO mice ([Figure 2](#f0010){ref-type="fig"}, *A* and *B*). As in short-term experiments, treatment with apigenin dramatically inhibited UVB-induced angiogenesis in the WT mice ([Figure 2](#f0010){ref-type="fig"}, *A* and *B*). Our previous short-term studies suggested that the inhibition of cutaneous angiogenesis by apigenin was TSP1 dependent. However, we observed significant reduction in the MVD within the AR group of the TKO mice ([Figure 2](#f0010){ref-type="fig"}, *A* and *B*), suggesting a possibility of TSP1-independent component of the antiangiogenic effect of apigenin. In agreement, we detected a significant increase in plasma VEGF levels after UVB irradiation, which was dramatically suppressed by apigenin treatment both in WT and in TKO mice ([Figure 2](#f0010){ref-type="fig"}*C*), an effect that was likely sufficient to attenuate angiogenesis in the absence of inhibitory TSP1.Figure 2The regulation of angiogenesis by apigenin in WT and TKO mice after short-term UVB exposure. Mice (*n*=5) were subjected to sham (C) or UVB (R) radiation (1300 J/m^2^ daily, 5 consecutive days). Topical apigenin (AR) (5 μmol in 0.2 ml DMSO/acetone vehicle mix) was applied daily 1 hour prior to UVB exposure. (A) IHC for the endothelial cell marker CD31. Mice were sacrificed 24 hours after final UVB exposure, and dorsal skins were harvested, formalin-fixed, and stained for CD31 to visualize microvessels. Arrows indicate representative microvessels. (B) Quantitative analysis of the vessel area. Vessel area in digital images of CD31-stained slides was quantitated. At least 20 fields were quantitated for each condition, and mean values and SEMs were calculated. Statistical significance was determined in pairwise comparisons using two-sided Student\'s *t* test. (C) The effects of apigenin and TSP1 on systemic VEGF induction by UVB irradiation. VEGF level in mouse plasma was determined using specific ELISA kit and recombinant mouse ELISA as a standard. Statistical significance was determined in pairwise comparisons using two-sided Student\'s *t* test (\**P*\<.05; \*\**P*\<.01; \*\*\**P*\<.001; n.s., not significant).Figure 2

Loss of TSP1 Undermines the Apigenin\'s Ability to Block UVB-Induced Inflammation {#s0085}
---------------------------------------------------------------------------------

Cutaneous inflammation is one of the major responses to UVB irradiation, and chronic inflammation can lead to carcinogenesis [@bb0305], [@bb0310], [@bb0315], [@bb0320]. Compared to its antiangiogenic function, the effect of TSP1 on inflammation is less understood. While some studies demonstrate significant anti-inflammatory activity of TSP1 in the intestine [@bb0170], [@bb0325], [@bb0330], others point to its proinflammatory action in the vasculature and in the kidney, likely indirectly mediated by its fibrogenic action [@bb0335], [@bb0340], [@bb0345]. The anti-inflammatory effects of apigenin are known; however, they have not been linked to TSP1. UVB-induced inflammation was assessed as macrophage infiltration into skin (F4/80 staining, [Figure 3](#f0015){ref-type="fig"}*A*). We found that macrophage infiltration at baseline in sham-irradiated animals was higher in TKO mice compared to the WT controls ([Figure 3](#f0015){ref-type="fig"}, *A* and *B*). This macrophage infiltration was further increased by the short-term UVB exposure both in WT and in TKO mice (R, [Figure 3](#f0015){ref-type="fig"}, *A* and *B*) In contrast, apigenin significantly blocked UVB-induced macrophage infiltration only in WT but not in TKO mice (AR, [Figure 3](#f0015){ref-type="fig"}, *A* and *B*), suggesting that TSP1 was necessary to convey the anti-inflammatory effect of apigenin in skin.Figure 3Loss of TSP1 increases macrophage infiltration and suppresses apigenin\'s function to inhibit UVB-induced macrophages. (A) Representative immunohistochemical analysis of F4/80 in WT and TKO skin with different treatments. Mice were exposed to short-term UVB irradiation and apigenin treatment as described in [Figure 2](#f0010){ref-type="fig"} (*n*=5). (B) Quantitative analysis of macrophage presence in skin. Number of macrophages expressing F4/80 was counted and presented as percent of macrophages present in skin of sham-irradiated mice. Statistical significance was determined in pairwise comparisons using two-sided Student\'s *t* test (\*\**P*\<.01; n.s., not significant).Figure 3

TSP1 Affects the UVB-Induced Inflammatory Cytokine Production in Skin and by Cultured Keratinocytes {#s0090}
---------------------------------------------------------------------------------------------------

Since TSP1 dramatically altered the ability of apigenin to block macrophage recruitment to the UVB-irradiated skin *in vivo*, we examined whether the loss of TSP1 alters the expression of inflammatory cytokines, which could control macrophage recruitment to the sites of inflammation. Previous reports have demonstrated that IL-6 promotes malignant growth of skin SCCs by regulating, *via* STAT3, a network of autocrine and paracrine cytokines including VEGF and MCP-1 [@bb0350]. CCL2/MCP-1 can also be expressed in inflammatory environments due to upstream NF-kB activation and is known to play a critical role in UVB-induced skin carcinogenesis [@bb0355]. IL-12 promotes of M1 macrophage polarization, which is known to have tumor-suppressive effects [@bb0360], and mice deficient in IL-12 are at higher risk of UV-induced carcinogenesis than their wild-type counterparts [@bb0365]. At an early stage, however, IL-12 contributes to an overall inflammatory microenvironment, which can have tumor-promoting effects. IL-10, on the contrary, promotes M2 macrophage polarization and immune tolerance, which are associated with tumor promotion [@bb0360]. When IL-10 +/+, IL-10 +/−, and IL-10 −/− mice were chronically irradiated with UV, mice carrying at least one IL-10 allele developed skin cancer at an expected rate, whereas IL-10 null mice were protected against carcinogenic effects of UV irradiation [@bb0370]. Considering the importance of above-mentioned cytokines in the development of skin inflammation and UVB-induced carcinogenesis, we examined the expression of IL-6, IL-10, IL-12, and CCL2/MCP-1 in our system. First, we investigated the control of cytokine production by apigenin in WT mice ([Figure 4](#f0020){ref-type="fig"}*A*). In WT mice exposed to UVB radiation (1300 J/m^2^) daily for 5 days, the main mediators of macrophage recruitment, IL-6, CCL2/MCP-1, IL-12, and IL-10, were significantly increased, as was determined by ELISA of skin lysates. Importantly, this induction was strongly inhibited by apigenin, and the changes were especially dramatic in the case of MCP-1/CCL2. Because TSP-1 is known to modulate TGF-β activity [@bb0375], we also measured active TGF-β; however, no change was noted (data not shown). The assessment of mRNA levels for these cytokines showed that the regulation occurred at mRNA level ([Figure 4](#f0020){ref-type="fig"}*B*). When cultured human primary keratinocytes were pretreated with vehicle or 50 μM apigenin for 1 hour and subsequently subjected to UVB irradiation (1000 J/m^2^) for 24 hours, quantitative real-time PCR (Q-PCR) analysis for IL-6, IL-12, and CCL-2/MCP-1 mRNAs showed that UVB irradiation significantly upregulated these proinflammatory cytokines\' mRNAs with a 3.7-fold increase for IL-6, 2.3-fold for IL-12, and 3.3-fold for MCP-1/CCL2, respectively. Again, apigenin completely blunted this UVB-induced mRNA upregulation of IL-6, IL-12, and CCL2 ([Figure 4](#f0020){ref-type="fig"}*B*).Figure 4TSP1 regulates cytokine levels in skin. (A) Cytokine protein levels in whole skin lysates of WT mice were measured by ELISA after different treatments. (B) Cytokine mRNA levels in cultured human primary keratinocytes were measured by real-time qPCR. Cells were subjected to 1000 J/m^2^ UVB irradiation or pretreated with 50 μM apigenin prior to irradiation and harvested at 24 hours after irradiation. (C) Increased cytokine mRNA expression in keratinocytes from TKO mice. Primary keratinocytes were isolated from newborn WT and TKO mice and grew to 80% confluence in dishes, and real-time qPCR was performed to measure the mRNA levels. (D) Cytokine protein levels in plasma of WT and TKO mice were measured by ELISA. All experiments were performed in biological triplicates and technical duplicates. Statistical significance was determined in pairwise comparisons using two-sided Student\'s *t* test (\**P*\<.05; \*\**P*\<.01; \*\*\**P*\<.001; \*\*\*\*, *P*\<.0001; n.s., not significant).Figure 4

To assess the effect of TSP1 ablation on cytokine production by keratinocytes, we isolated neonatal keratinocytes from WT and TKO mice, subjected them to sham or UVB irradiation (1000 J/m^2^), and performed Q-PCR analysis of cytokine expression as above. Compared to WT, TKO keratinocytes produced four times higher levels of IL-10 and IL-12 mRNA and more than two-fold higher levels of CCL2 mRNA at baseline ([Figure 4](#f0020){ref-type="fig"}*C*). Intriguingly, only CCL2/MCP-1 was further increased by UVB irradiation in TKO cells, while interleukin levels plummeted, suggesting that they are not essential for macrophage recruitment into irradiated skin of the TKO animals ([Figure 4](#f0020){ref-type="fig"}*C*).

To assess the effect of TSP1 on systemic cytokine levels, we used plasma of WT and TKO mice from C, R, and AR group in ELISA assay. We were able to demonstrate that TKO mice have elevated circulating levels of IL-6 (*P* = .0003) and IL-12 (*P* = .0028) compared to their WT counterparts ([Figure 4](#f0020){ref-type="fig"}*D*). However, circulating levels of MCP-1 and PDGF-BB in the plasma of WT and TKO animals remained similar ([Figure 4](#f0020){ref-type="fig"}*D*). Importantly, in WT mice, UVB irradiation doubled IL-6 and IL-12 levels, and apigenin treatment significantly inhibited this increase. However, in TKO mice, the increase in IL-6 and IL-12 levels induced by UVB was not significant, and the inhibitory activity of apigenin on IL-6 or IL-12 was also abrogated in the absence of TSP1 ([Figure 4](#f0020){ref-type="fig"}*D*).

Apigenin Suppresses UVB-Mediated Increases in Neutrophil Populations through TSP1 {#s0095}
---------------------------------------------------------------------------------

Innate myeloid cells play a critical role in the development of inflammation and subsequent carcinogenesis. With this in mind, we analyzed the effects of apigenin following UVB treatment in both TSP1-expressing and -null mice. UVB radiation led to a substantial increase in Ly6G^+^ neutrophil precursors in the bone marrow. This effect was attenuated with apigenin treatment prior to UVB radiation ([Figure 5](#f0025){ref-type="fig"}, *A* and *B*). In contrast, TKO mice had a significantly higher baseline number of neutrophil precursors in comparison to WT mice. In mice lacking TSP1, UVB only caused a slight increase in neutrophil precursors, likely due to the already high numbers presented. Additionally, UVB radiation caused a modest increase in the number of inflammatory monocytes in both WT and TKO mice, but apigenin did not significantly reduce this population, suggesting that inflammatory monocytes are mobilized through alternative mechanisms ([Figure 5](#f0025){ref-type="fig"}, *A* and *C*). While long-term exposure of WT mice to UVB led to an increase in neutrophil precursors, short-term UVB radiation had no significant effect ([Figure 5](#f0025){ref-type="fig"}, *D*-*F*). In short, these results demonstrate that apigenin is able to inhibit UVB-induced increases in inflammatory cells (neutrophil precursors).Figure 5TSP1 controls neutrophil population in the bone marrow (BM). (A-C) BM cells were isolated from WT and TKO mice treated to long-term UVB exposure (22 weeks, 2240 J/m^2^, 3 times weekly) and stained for CD11b, Ly6C, and Ly6G. Flow cytometry results showed populations of monocyte (purple) and neutrophil progenitors (green), and the quantitative analysis of data were also presented. (D-F) BM cells were isolated from WT and TKO mice treated to short-term UVB exposure (5 consecutive days, 1300 J/m^2^ daily) and stained for CD11b, Ly6C, and Ly6G; the populations of monocyte (blue) and neutrophil progenitors (red) and the quantitative analysis of data are shown. All experiments were performed at least in triplicate. Statistical significance was determined in pairwise comparisons using two-sided Student\'s *t* test. (G) MPO activity of skin lysates. Skin lysates were prepared as described in Materials and Methods, and MPO activity of each lysate was measured in triplicates. Data presented as fold of WT control. Statistical significance was determined in pairwise comparisons using two-sided Student\'s *t* test (\**P*\<.05; \*\**P*\<.01; \*\*\*\**P*\<.0001; n.s., not significant).Figure 5

Loss of TSP1 Augments MPO Activity in Skin Lysates {#s0100}
--------------------------------------------------

MPO is an enzyme produced by neutrophils, and its activity levels reflect the degree of acute inflammation in a tissue. The MPO activity was determined using a kinetic-colorimetric assay as described in Materials and Methods. To determine whether apigenin could reduce UVB-inflammation in murine skin, we compared the average MPO levels, a surrogate for the number of neutrophils that infiltrate into the skin, following UVB exposure ([Figure 5](#f0025){ref-type="fig"}*G*). The MPO levels in skin lysates significantly increased after UVB irradiation, and apigenin-treated WT mice skins showed significantly lower MPO levels (*P*=.001). Importantly, MPO activity in TKO skin lysates was greatly higher compared to lysates collected from the WT skins (*P*\<.0001).

Loss of TSP1 Enhances COX-2 Protein Expression in Mouse Skin and Blunts Apigenin\'s Effect on COX-2 Expression {#s0105}
--------------------------------------------------------------------------------------------------------------

COX-2 is an inducible enzyme whose expression is regulated by UVB irradiation. COX-2 has been implicated in the development of skin cancers, and several studies demonstrated a link between TSP1 and COX-2 expression. To determine whether knockout of TSP1 affects COX-2 expression, WT and TKO mice were subjected to short-term UVB irradiation and apigenin treatment, and skin samples were stained with COX-2 antibody. As shown in [Figure 6](#f0030){ref-type="fig"}, COX-2 staining was much stronger in the skin of TKO mice compared to the skin of WT animals. Apigenin was less efficient in decreasing UVB-induced COX-2 expression in the epidermis of TKO compared to WT mice.Figure 6Apigenin and TSP1 regulate COX-2 *in vivo*. (A), Representative IHC of COX-2 in WT and TKO skin after different treatments. Mice were exposed to short-term UVB irradiation and apigenin treatment as described in [Figure 2](#f0010){ref-type="fig"}. (B) Epidermal COX-2 immunostaining was scored by semiautomated analysis using HistoQuest 6.0 software. At least 10 interfollicular areas were scored for each sample. Data presented as fold of WT control. Statistical significance was determined in pairwise comparisons using two-sided Student\'s *t* test (\**P*\<.05; \*\**P*\<.01; n.s., not significant).Figure 6

Discussion {#s0110}
==========

UVB exposure causes acute skin inflammation, which promotes vasodilation and angiogenesis, a condition permissive for cancer progression. In addition, long-term UVB exposure leads to chronic cutaneous inflammation, which plays an important role in initiation, promotion, and progression of skin cancer [@bb0380]. Importantly, previous studies point to TSP1 as an important antiangiogenic factor and a tumor suppressor in skin [@bb0085], [@bb0125], [@bb0385]. We and others have previously uncovered anti-inflammatory effects of apigenin owing to its ability to inhibit UVB-mediated COX-2 overexpression and Src kinase activation in epidermal keratinocytes [@bb0285], [@bb0390]. We have also demonstrated the potential of apigenin to modulate TSP1 expression [@bb0180]. Herein, we present two important discoveries. First, using hairless mice on *THBS1−/−* genetic background, we conclusively demonstrate that TSP1 is a critical component of UVB-induced NMSC. Furthermore, using *THBS1−/−* (TKO) mice, we show that modulation of TSP1 expression is required for the chemopreventive function of apigenin. We have also found that TKO mice present with increased susceptibility to UVB-induced carcinogenesis with accelerated onset of tumor growth and increased tumor incidence and size. In addition, we demonstrated that TKO mice have diminished susceptibility to the chemopreventive action of apigenin. Importantly, the diminished chemopreventive action of apigenin was predominantly due to the increased cutaneous inflammation, which was manifested by elevated infiltration of neutrophils and macrophages and by higher levels of local and circulating inflammatory cytokines, namely, IL-6 and IL-12. Restoration of normal high levels of TSP1 in UVB-irradiated skin by topical application of apigenin in WT mice was sufficient to inhibit UVB-induced recruitment of macrophages and neutrophils and to attenuate circulating levels of inflammatory cytokines. These anti-inflammatory functions of apigenin were lost in TKO mice.

Our results are consistent with previous findings where TSP1 receptors CD36 and CD47 have been shown to profoundly affect inflammatory responses, although these findings are not clearly applicable to the cutaneous responses to UVB irradiation. For example, macrophage-associated CD36 has been shown to stimulate neutrophil killing by macrophages in the context of cardiovascular disease [@bb0395]. Similarly, CD36 mediates neutrophil clearance by macrophages during staphylococcal infection of the skin [@bb0400] or in the course of inflammatory bowel disease [@bb0405]. On the other hand, mice deficient for another TSP1 receptor, CD47, present with defective innate and adaptive immune responses in the presence of infectious agent *Candida albicans* [@bb0410], with increased immune infiltrates to the kidneys and brain, presumably due to increased expression of MIP-2/cxcl3, IL-1/IL-1R1, and IL-17. In other studies, TSP1 has been reported to inhibit inflammatory lymphangiogenesis, presumably *via* CD36 ligation on monocytes [@bb0415], and block the production of inflammatory cytokines by dendritic cells through CD47 [@bb0420]. The potential of TSP1 to attenuate cutaneous inflammation has been demonstrated using a mouse model of an acute cutaneous hypersensitivity [@bb0425]. However, the effect of TSP1 on UVB-induced inflammation and carcinogenesis has not been demonstrated. Importantly, in the present study, we found TSP1 was critical for chemopreventive action of a natural bioflavonoid apigenin. UVB irradiation caused a similar increase in macrophage infiltration in both WT and TKO mice; however, apigenin attenuated UVB-induced macrophage infiltration only in WT mice and failed to alleviate the effect of UVB irradiation in TKO mice. Importantly, we found that UVB irradiation led to systemic effect on neutrophil progenitors: we observed a substantial increase in Ly6G^+^ cells in the bone marrow of irradiated mice, and this effect was suppressed by apigenin treatment. In contrast, TKO mice presented with a significantly higher number of neutrophil precursors at baseline. This is in agreement with earlier findings by others demonstrating that TSP1-deficient mice have increased numbers of infiltrating neutrophils and macrophages in the lung tissue [@bb0430].

Previous studies using mouse model of acute hypersensitivity reaction noted increased IL-1β, MIP-2, and TNFα production in TSP1-deficient mice [@bb0425]. However, TSP1 targets in UVB-induced inflammation were unknown. Our *in vivo* experiments and *in vitro* studies revealed an inverse correlation between TSP1 expression and the number of infiltrating neutrophils and macrophages, indicating that TSP1 inhibits recruitment of the cells of myeloid origin to the skin. Analysis of the plasma of mice from C, R, and AR groups revealed dramatic increases in IL-6, IL-10, IL-12, and MCP-1 levels in response to UVB irradiation, which were significantly reduced in response to apigenin treatment in WT but not in TKO mice, suggesting that these cytokines are likely responsible for the differential effects of TSP1 downstream of apigenin on myeloid cell recruitment, inflammation, and carcinogenesis. Further *in vitro* analysis of neonatal keratinocytes from TKO and WT mice confirmed these findings and pointed to a feed-forward loop in which myeloid-derived innate immune cells (neutrophils) are recruited to the skin in response to a primary burst of cytokine production from UVB-exposed keratinocytes and then themselves become a source of cytokines, especially IL-10 and IL-12. In UVB-irradiated WT mice, however, higher TSP1 production by cutaneous keratinocytes in response to topical apigenin application results in decreased chemokine production and attenuated numbers of neutrophil progenitors in the bone marrow. These events cause a decrease in the overall chemokine levels and macrophage recruitment and lower the permissive capacity of the skin as a "soil" for carcinogenic events caused by UVB irradiation, possibly by reducing immunosuppressive environment (Treg cell recruitment by tumor-associated neutrophils [@bb0435]).

COX-2 is a key enzyme in the synthesis of prostaglandins from arachidonic acid, and increased production of COX-2 induced by UVB can cause inflammation, proliferation, angiogenesis, and tumor promotion [@bb0440]. Increased COX-2 expression has been observed in multiple cancer types, including skin, colon, and pancreas. [@bb0445]. Several studies have shown that COX-2 silencing/inhibition induces an upregulation of TSP1 [@bb0450], [@bb0455]. In contrast, our previous study showed that TSP1 bioactive peptide mimetic, ABT-898, blocks UVB-induced COX-2 expression in mouse keratinocytes [@bb0180]. In agreement, COX-2 was expressed at higher levels in the skins of WT mice compared to the TKO animals, and apigenin lost its previously noted inhibitory capacity against UVB-induced COX-2 induction in TKO mouse skins. These results further implicate TSP1 as an upstream modifier of COX-2 expression. In summary, we have shown that TSP1 plays a pivotal role in control of cutaneous inflammation and carcinogenesis through regulation of myeloid cell recruitment and homeostasis as well as COX-2. On the other hand, we propose a means to manage TSP1 balance in skin by topical application of natural bioflavonoid apigenin, which is more feasible and practical than the use short synthetic peptides for the management of inflammatory disease, such as psoriasis or dermatitis, or as an approach for skin cancer prevention.
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